The pyrrolizidine alkaloid intermedine-N-oxide was isolated from Cerinthe glabra for the first time. Due to the questionable assignments of NMR signals of this compound in previous literature reports ab initio calculations of the 13 C NMR values based on the GIAO approach, using HF and B3LYP levels of theory and the four basis sets 6-31G(d), 6-311G(d), 6-31G(d,p), and 6-311G(d,p) were performed. The assignments obtained this way are in very good accordance with the experimental values.
Introduction
Pyrrolizidine alkaloids (PA) comprise of a bicyclic heterocyclic core with a 1,2-double bond, which is functionalized by single esterification with a branched aliphatic carboxylic acid (necic acids) at the hydroxymethyl side chain at C-1, or by double esterfication at this position as well as of the hydroxy group at C-7. The latter group can occur as open-chain diesters or as macrocyclic 11-or 12-membered lactones [1, 2] . These alkaloids are mainly found in the plant families Asteraceae (Compositae), Boraginaceae and Leguminaceae (Fabaceae); the genera in which they were found frequently before are Senecio, Heliotropium, Echium, Trichodesma, and Symphytum. Meanwhile, more than 350 PA have been isolated from various plants [3] . Typically, the PA are accompanied by the corresponding, equally toxic Noxides in plants, and frequently, the N-oxides predominate [4 -7] . Pyrrolizidine alkaloids are highly toxic to humans and animals. Acute poisoning by PA causes severe damage to the liver, long-term exposition may cause cancer. Intoxications of humans may be caused by toxic grain, honey contaminated by the nectar from toxic plants, or by using medical plants that contain the alkaloids, e.g. Symphytum (comfrey) [4] . Consequently, the European Food Safety Authority (EFSA) has expressed the need for establishing sophisticated analytical methods for the determination of PA in plant materials [8] . Analytical methods for the determination of PA in plants have been reviewed by Röder [9] and updated by Crews [4] . Interestingly, some insects can accumulate pyrrolizidines from plants and use them directly, or after chemical modifications, as defense chemicals or as precursors of pheromones [4, 6] . The chemical ecology of pyrrolizidine alkaloids has been reviewed by Hartmann [1] .
The identification of PA in plant material is generally performed by chromatographic methods like GC and HPLC, typically in combination with MS detection. But these techniques suffer from some shortcomings: Since PA N-oxides are quite unstable, they decompose under GC conditions, consequently GC analysis can only be performed on the free PA, obtained by reduction of the native N-oxides with zinc/sulfuric acid [10] or with new, milder reagents like sodium hydrosulfite [11] and indigocarmine-based redox resins [5, 12] . Further, isomeric PA like the alkaloids intermedine, lycopsamine, echinatine, rinderine, and indicine (and likewise the corresponding N- oxides) which have the same molecular masses, and differ only in the configurations at C-7, C-2 and C-3 ( Fig. 1) , show almost identical fragmentation patterns, and thus are indistinguishable solely on the basis of MS data [6, 10, 13] . Consequently, despite a large number of reports on the identification of PA and in an even higher gear PA N-oxides exclusively by GC-MS or HPLC-MS, a considerable part of structure correlations has been made only indirectly; even in a very recent publication on PA, Williams et al. [5] concede that "all other identifications remain tentative until studies result in sufficient isolation to allow for unambiguous NMR spectroscopy analysis."
In this communication we report on the isolation and identification of the PA, intermedine Noxide (1; Fig. 1 ) from Cerinthe glabra Miller (Boraginaceae), a plant known as "smooth honeywort" and (in German) "Alpenwachsblume". To the best of our knowledge no detailed phytochemical analysis of this plant has been published yet, except an investigation of the fatty acid pattern of the oil obtained from the seeds [14] . Other Cerinthe species have been shown to contain flavonoids [15] , and in 1990 Röder [16] reported on the first isolation and full spectroscopic characterisation of a PA, intermedine, from Cerinthe minor. Later in 2004, Mrozcek [17] identified three other PA from this plant based on HPLC-MS and DAD data. These reports prompted us to investigate Cerinthe glabra for its alkaloid content.
Results and Discussion
The powdered aerial parts of Cerinthe glabra were extracted with ethanol, the crude extract was evaporated to dryness, dispersed in water, defatted with hexane and then extracted with ethyl acetate. The ethyl acetate extract contained some well known flavonoids (data not shown). Investigation of the aqueous layer showed a spot which gave a positive Dragendorff reaction. After evaporation to dryness, this fraction was chromatographed on silica gel, and finally purified by Sephadex chromatography to give the alkaloid intermedine-N-oxide (1).
The CI mass spectrum of the alkaloid showed [M+H] + at m/z = 316 for the formula [C 15 H 25 NO 6 +H] + , the fragment [M+H−16] + at 300 indicating the loss of an oxygen atom, a typical behavior of alkaloid N-oxides [4, 7] . Furthermore, we found prominent peaks at m/z = 156 and 138, which are characteristic of the 1,2-unsaturated pyrrolizidine unit [5] . By comparing the 1 H and 13 C NMR data of the alkaloid with those available for the five presently known pyrrolizidine-N-oxides of the formula C 15 H 25 NO 6 (intermedine-N-oxide 1 [18, 19] , lycopsamine-N-oxide 2 [20, 21] , echinatine-N-oxide 3 [21, 22] , rinderine-N-oxide 4, and indicine-N-oxide 5 [18, 21] ), we found a very good accordance only with the data of 1, which had previously been obtained by unambiguous total synthesis [18] (Table 1) . Moreover, the optical rotation was in good accordance with the reported literature value [18] , so this alkaloid was identified as intermedine-N-oxide (1) .
Closer inspection of the NMR data reported for this alkaloid [18] revealed some unclear and some obviously wrong correlations of resonances. Our data from 1D and 2D NMR experiments (see Supporting Information) suggested new assignments for the chemical shifts of C-5, C-7, C-8, and C-9. For further confirmation of our results we performed a series of ab initio calculations. Quantum-chemical methods for the calculation of NMR chemical shift values have been found to be of exceptional value for the structural assignment of complex natural products like firefly luciferin, 4 -epiadriamycin, viridol, and samoquasine A [23] . In an extension of this methodology to the pyrrolizidine alkaloids we calculated the 13 C NMR shifts of intermedine-N-oxide (1) based on the gauge including atomic orbitals (GIAO), using the Hartree-Fock (HF) theory and the Position a Ref. [18] This work Ref. [18] This work In an initial step several optimization cycles for the full geometry optimization of 1 had to be performed [25, 26] . The calculated average energies of each series of optimizations steps of each used level of theory and the employed basis set are presented in Table 2 .
Subsequently, the 13 C NMR shift values relative to tetramethylsilane (TMS) were calculated for each optimized structure by the GIAO method [25, 26] . The results are shown in Table 3 Table 1 ). tems [26] . On this account the calculated results were plotted against the reported [18] and our 13 C NMR correlations. By employing the newly assigned chemical shifts of C-5, C-7, C-8, and C-9 (see Table 1 ), our correlations showed, independently from the used levels of theory and basis sets, a better linear trend than the previous correlations. This is substantiated by the improvement of all values of slopes, intercepts, and correlation coefficients r, as shown in Table 4 . As an example, Fig. 2 presents correlation plots of theoretical shift values calculated at B3LYP/6-31G(d,p) level versus reported and newly assigned shift values from Table 1 . Out of three similar 13 C NMR resonances (69.45, 69.73 and 70.17 ppm), the one at 69.45 ppm was clearly assigned as a methylene carbon (C-5) by a DEPT experiment. The shift values of the methine carbons at 69.73 and 70.17 ppm could, however not be assigned unambiguously to C-7 and C-3 by HMQC and HMBC experiments. So we tried to achieve an unequivocal assignment by quantum chemical calculations. In a first step we simply interchanged the correlations for these two carbon resonances, but recalculation of correlation plots resulted in virtually unchanged correlation coefficients for each used levels of theory and basis sets. In a next step we employed the scaled theoretical chemical shift value (CS SX ) of any carbon atom at position X of 1. This value describes the correlation between theoretical chemical shift and correlation plot quite well, and is obtained as:
As an example, Fig. 3 presents the differences between scaled and experimental 13 Due to these small values even the ab initio calculations do not allow for unequivocal assignments of the resonances of C-7 and C-3 . This discloses the limit of quantum-chemical calculations of 13 C NMR chemical shift values.
Conclusion
With this study we were able to correct the chemical shift values of C-5, C-8, and C-9 of intermedine-Noxide (1), using 1 H, 13 C, DEPT, HMQC and HMBC NMR experiments. Furthermore we calculated 13 C NMR shift values of 1 based on the GIAO approach, using HF and B3LYP levels of theory and the four basis sets 6-31G(d), 6-311G(d), 6-31G(d,p), and 6-311G(d,p). Independently from the used theories and the basis sets all calculations showed very good correlation coefficients (0.992 or higher). Among the theories and basis sets used here, B3LYP/6-31G(d) and B3LYP/6-31G(d,p) gave the best results. Taking all experimental and theoretical results together, all 13 C NMR resonances of 1, except the critical pair C-7/C-3 could be allocated unambiguously. The results presented here indicate the value of quantum-mechanical calculations also for the large class of closely related pyrrolizidine alkaloids.
Experimental Section
General information IR spectra were recorded on a Perkin-Elmer FT-IR Paragon-1000 spectrometer, NMR spectra on a Jeol JNMR-GX 500 ( 1 H: 500 MHz, 13 C: 125.7 MHz) spectrometer. Mass spectra were recorded on a Hewlett Packard MS-Engine, electron ionization (EI) at 70 eV, chemical ionization (CI) with CH 4 (300 eV), high-resolution EIMS on a Jeol M Station JMS 700. Optical rotations were determined on a Perkin Elmer polarimeter 241 MC. Flash column chromatography was performed using silica gel 60 (230 -400 mesh, E. Merck, Darmstadt). TLC was performed on Merck silica gel F 254 plates (40 × 80 mm 2 ). Calculations were carried out on the cluster of the Faculty of Chemistry and Pharmacy at the Ludwig-Maximilians University of Munich. The computers are endowed with two Opteron Dualcore 2.4-GHz processors, using Debian GNU/Linux 4.0 (64-Bit) as operating system and the GAUSSIAN03 program package [24] for all calculations.
Plant material
Cerinthe glabra Miller was collected in August 2008 from the Botanical Garden in Munich (Germany), and kindly identified by Dr. A. Gröger.
Extraction and isolation
250 g of the air-dried, ground aerial parts of C. glabra were exhaustively extracted with ethanol (70 %) (4 × 3 L), and the combined extracts were evaporated under reduced pressure at 40 • C to obtain 25 g crude extract. This extract was suspended in 300 mL distilled H 2 O, filtered, and the filtrate evaporated to dryness again. The residue (15 g) was suspended in 500 mL distilled water and defatted with hexane (3 × 500 mL). The defatted aqueous layer was extracted with ethyl acetate (3 × 500 mL). The organic layer was discarded, the aqueous layer was evaporated under reduced pressure at 40 • C. The residue (4.0 g) was submitted to flash column chromatography using CH 2 Cl 2 -EtOH mixtures of increasing polarity (9 : 1 to 6 : 4). Upon elution with a 6 : 4 mixture a fraction containing a Dragendorff-positive spot (TLC control) was eluted. This fraction was evaporated and re-chromatographed on Sephadex LH-20 (eluent: methanol) for final purification to give 25 mg (0.01 % dry weight) of the alkaloid intermedine-N-oxide (1). Colorless viscous oil.
-1 H and 13 C NMR data: see Table 1 
